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Abstract

Sum-frequency vibrational spectroscopy was used to study the (0001) surface
of hexagonal ice (Iy) in contact with: air, a hydrophobic substrate, and a
hydrophilic substrate. The spectra in the O-H stretch frequency range were
obtained at various temperatures. For the air/ice interface, the degree of
orientational order of the dangling OH bonds at the surface was measured as
a function of temperature. Surface disordering appears to set in around 200 K
and increases dramatically with temperature, which is a strong indication of
the presence of surface melting of ice. For the hydrophobic and hydrophilic
ice interfaces, a similar temperature dependence of the hydrogen-bonded OH
stretch peak was observed. The free OH stretch mode, however, appears to
be different from that of the air/ice interface due to the interactions with

substrates at the interfaces.
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I. INTRODUCTION

To explain sintering of ice under relatively low pressure, Michael Faraday first proposed
the existence of a liquid-like layer on an ice surface below the bulk melting temperature [1].
This is known today as surface melting or premelting of ice. Surface melting is actually
a rather common behavior of many solids including lead [2,3], argon [4], germanium [5],
gallium [6] and aluminum [7]. For ice, it is particularly interesting because of its many
important consequences. It is believed to play a key role in phenomena such as reduction of
the frictional coefficient of ice, electrification of thunder clouds, glacier flows, frost heaves,
and ozone depletion [8,9]. The problem has been the subject of extensive theoretical and
experimental investigations since 1968, when Fletcher first seriously considered the idea of
Faraday [10].

The calculation of Fletcher based on electrostatic interactions [10] predicts that surface
melting of ice is a complete surface disordering process (i.e., the quasi-liquid layer thickness
diverges as the temperature approaches the bulk melting temperature), and the onset tem-
perature is between -3 and -6 °C. A more recent theory based on dispersive van der Waals
interactions [11], however, predicts that the precess is incomplete (i.e., the quasi-liquid layer
thickness remains finite before the bulk melting sets in). Molecular dynamics simulations of
ice surface melting have also been carried out [12-14], and the reported onset temperature
is as low as -40 °C [12]. Today, a generally accepted theory of surface melting of ice has not
yet been found.

Experimental investigation of surface melting of ice is not in any better shape either.
Various techniques have been used to probe the phenomenon. They include photoemission
[15], proton backscattering [16], ellipsometry [17,18], optical reflectometry and interference
microscopy [19], nuclear magnetic resonance [20,21], low energy electron diffraction [22],
glancing angle x-ray diffraction [23], helium atom scattering [24], and atomic force mi-
croscopy [25,26]. Ice in contact with other solids has also been studied by wire regelation

[27], quasi-elastic neutron scattering [28], and viscosity measurements [29]. While most of



these experiments seem to have confirmed the existence of the liquid-like layer on the ice
surface or interface, the details, such as the onset temperature and the temperature de-
pendence of the layer thickness, vary widely from experiment to experiment. Presumably,
different techniques measure different properties and liberal interpretations of the results
could lead to large discrepancies. Today, the exact nature of surface melting of ice remains
controversial, and the structure and properties of the quasi-liquid layer are far from being
fully understood.

We note that one serious problem in the studies of ice surfeces is its incompatibility with
ultrahigh vacuum (UHV) due to its high vapor pressure, which varies between 107> and 5
Torr in the temperature range of 175 to 273 K [30]. The high vapor pressure hinders the
use of standard UHV surface science techniques at temperatures close to the ice melting
temperature. Non-UHV techniques such as ellipsometry and x-ray diffraction can cover a
wide range of temperatures, but do not have enough surface sensitivity.

Sum-frequency generation (SFG) vibrational spectroscopy [31] has recently been estab-
lished as a powerful tool for probing surfaces and interfaces. It is highly surface-specific and
sensitive, and does not require an ultra high vacuum environment. Therefore, it is ideally
suited for studies of surfaces and interfaces of ice and water. It has been used before to
investigate various interfaces of water [32-34], as well as an ice film grown on Pt(111) [35].
These experiments demonstrated the capability of SFG vibrational spectroscopy to yield
structural information of water and ice that could not be obtained with other experimental
techniques.

Here we report our studies of surface melting of hexagonal ice (I,) using this technique.
We focused on the ice interfaces of the (0001) orientation (basal plane), since the (0001) sur-
face is most stable. Preliminary results on the air/ice interface have already been published
[36]. They show that disordering of the (0001) surface becomes detectable at 200 K, and in-
creases as the temperature increases. A comparison of the results for the ice surface and for
the supercooled water surface, however, reveals that the structures of the quasi-liquid layer

on ice and the surface layer of liquid water are not the same. In this paper we present a more



complete report of our work including a detailed description of the experimental preparation
and results and the detailed analysis of the results. In addition, we also describe our SFG
spectroscopic studies on fused quartz/ice interfaces with and without a hydrophobic silane

monolayer.

II. THEORETICAL BACKGROUND FOR SFG VIBRATIONAL

SPECTROSCOPY ON ICE
A. Molecular orientation at surface

The SFG vibrational spectroscopy technique has been described in earlier publica-
tions [31,37]. It has been shown that the SFG output in reflection from a surface excited by
two overlapping input beams, one visible at w; and the other infrared at ws, is proportional

to the square of an effective surface nonlinear susceptibility, ng) (ws = w1 + w9), defined as

X7 = [L(ws) - e - x@ : [Lwy) - e][Liws) - €3] , (2.1)

where e; is a polarization unit vector of the optical field at w;, L(w;) is the tensorial Fresnel
factor (Appendix A), and x® denotes the surface nonlinear susceptibility tensor. If the in-
frared frequency ws is tuned across the surface vibrational resonances, resonant enhancement

of ij,)f is expected, as seen from the expression
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where Xl(\?g{7¢jk is a non-resonant background, A, ;;r, w,y, and I'; are the amplitude, resonant
frequency, and damping constant, respectively, of the gth vibrational mode. In this work,
we shall focus on the OH stretch vibrational modes.

The surface nonlinear susceptibility x(? is related to the hyperpolarizability a® of
individual molecules in the surface layer by

x? = Ng(a®) or

~
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where Ng is the surface density of molecules, the subindices [, m,n refer to the molecular
reference frame, and the angular brackets denote an orientational average over molecules.

Since a? is expected to have the same resonent behavior as x(?, we have
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In the rapid-motion limit [38], however, we can show that A, ;;x becomes

Agijr = Nslzaq,zmn«% D)) (k- 7)) (2.6)
as we shall discuss in a later section. Note that in Egs. (2.5) and (2.6) we have neglected
the microscopic local field correction which, when fully included, will lead to the relacement
of Ny in Egs. (2.5) and (2.6) with Ngljj(ws)l|(w1)lj(w2). The definition of the local-field
correction factor /j(w;) is given in Appendix A.

The underlying idea of using SFG vibrational spectroscopy to study the ice surface
structure is straightforward. Fig. 1(a) shows the structure of an ideal (0001) basal surface
of ice I, which is likely to be the case at low temperatures when surface melting does
not occur. In contrast, Fig. 1(b) shows a molecular dynamics simulation of the ice (0001)
surface [13] with a quasi-liquid layer. We expect that the orientational distribution of the
water molecules at the surface is very narrow if the surface layer has an ordered crystalline
structure as in Fig. 1(a) but would broaden appreciably if the layer becomes liquid-like as in
Fig. 1(b). Since the surface density of ice Ng is known, the microscopic amplitude ag jm, for
free OH stretch mode can be calculated (Sec. IIB), and the macroscopic amplitude A ;i
can be obtained from experiment, we can deduce an approximate orientational distribution

of the free OH bonds through Eq. (2.5) or (2.6). This then allows determination of the

temperature variation in the orientational distribution of the molecules at the ice surface.



B. Molecular hyperpolarizability of OH bonds

Since our quantitative analysis later will be on the free OH stretch mode, we present here
our theoretical model of the molecular hyperpolarizability of a free OH bond. The theory
of SFG vibrational spectroscopy shows that ag ., is related to the infrared and Raman
characteristics of a vibrational mode through the equation [39]
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(1)
where g’é—" and —Qm are the infrared dipole derivative and the Raman polarizability tensor

of the gth vibrational mode, and (), is the normal coordinate. For a free OH bond,

Qq = /muAr (2.8)

where Ar is the change in the OH bond length due to stretch from equilibrium, and my is
the mass of a hydrogen atom. Equation (2.7) then becomes
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We can use Eq. (2.9) to calculate ag pm, for the free OH stretch mode. The inset of Fig. 2
shows the molecular reference frame of a single OH bond. The infrared dipole derivative

along the bond direction 5 was reported to be

O

I = 0.157 (atomic units) = 2.52 x 1072 C (2.10)

from an ab initio calculation [40], in good agreement with experiment [41]. For the Raman

polarizability tensor, we use the experimentally deduced values from Ref. [42] (converted to

MKS units)
o 1)
a(z — (220 £ 0.13) x 10301%C ,
.
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ol 5oV

with the depolarization ratio r = (MT < /535~ 0.32 . The free OH stretch is at ~3700 cm™!

[32], which corresponds to an angular frequency
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wy = 2me x 3700 em™! = 7.0 x 10" sec™! . (2.12)

Inserting these values into Eq. (2.9), we obtain

4
~ o7 1
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(2.13)

C. Symmetry of the ice basal surface

Being a rank-3 tensor, ngg}){ (or Agik) has in general 27 elements. Surface symmetry,
however, can make some elements vanish and some mutually dependent. The hexagonal
symmetry of the (0001) surface of ice Ij, reduces the nonvanishing independent tensor ele-

ments to only three (see Fig. 2 for the reference frame):

(2)

Xzzz
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In the last equation, we have used the approximation X7(]21)¢ = Xf,)“ assuming that the vis-

ible wy and the sum-frequency w; are far away from electronic resonances. In this case,
the symmetry is the same as that for an azimuthally isotropic surface; in other words,
SFG measurement cannot distinguish hexagonal and isotropic surface symmetries. The
three independent components of XZ(?,)c can be determined from measurements with three in-
put/output polarization combinations: ssp (denoting s-, s-, and p-polarized sum-frequency
output, visible input, and infrared input, respectively), ppp, and sps through the relations

derived from Eqgs. (2.1) and (2.2)

Aq,eff(ssp) - SinﬂQLyy(Ws)Lyy (UJ1)L22 (WQ)Aq,mmzy
Ageri(sps) = sinf Lyy (ws) Lo (wi) Ly (w2) Ag zoars
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where (,, 31, and (B are the incidence angles of sum-frequency output, visible input, and
infrared input, respectively.

In Ref. [43] Geiger and co-workers stated that the (0001) surface of ice is analogous to
the Si(111) surface with 3m (Cs,) symmetry [44] and possesses an additional independent

nonvanishing element Y2 = —y?) = ) — ()

2 .
Sl P vy = Xyye- We note, however, that there is an

essential difference between the two surfaces. As shown in Fig. 1(a), for an ideal (0001)
surface of ice, the two adjacent layers A and layer B do not repeat each other by a simple
spatial translation, but are rotated by 180° with respect to each other. This is not the case
for the Si(111) surface, where adjacent layers always repeat each other by a simple spatial
translation. Due to its dynamic nature, the vapor/ice (0001) interface cannot be atomically
flat, but contains steps. The two configurations A and B are energetically equivalent, and
therefore, domains of type A and type B coexist with equal coverage. Although each type
exhibits 3m (Csy) symmetry, the overall ice (0001) surface has a 6-fold symmetry instead of

3-fold, in strong contrast to the Si(111) surface.

II1. EXPERIMENT

Ice I, single crystals were grown by the Bridgeman method from deionized water. The
crystal growth apparatus was similar to the one described in Ref. [45]. Typical growth rate
was 1 pm/sec (3.6 mm/hour) to prevent bubbles. The ice crystals were then stored in a cold

glove box and the storage temperature was between -5 and -10 °C. The sample preparation



was then carried out in this glove box. The orientation of an ice crystal could be determined
by locating the optical axis of the crystal using crossed polarizers.

To prepare the (0001) basal surface, an ice crystal was first cut (by melting) and roughly
oriented with its (0001) surface exposed. It was then covered with a glass beaker containing
pure ice and cooled slightly with a peltier cooler to let the crystal grow slowly from the
vapor. After typically one day of growth, hexagonal facets appeared on the crystal surface.
This allowed an accurate determination of the crystal orientation.

After the ice crystal was cut and oriented to have the (0001) surface (with a miscut
less than 2°), it was “glued” (by melting and refreezing) to a clean fused silica substrate.
Another fused silica plate, which had been coated with an octadecyltrichlorosilane (OTS)
monolayer [46], was heated and brought in contact with the (0001) surface on the other side
of the ice crystal. A bubble-free fused silica/OTS/ice interface was formed by melting and
regrowing a thin layer of ice crystal at the interface. Finally the sample was put in a sealed
cold chamber (Fig. 3) filled with ambient pressure air and brought to the SFG setup. The
ice chamber was made of copper and could be cooled to 173 K with an accuracy of 0.1 K.
After cooling and waiting for the ice sample to reach thermal equilibrium with the chamber,
the OTS-coated fused silica plate was separated from the ice sample by a mechanical device
inside the chamber, leaving a smooth (0001) ice surface in equilibrium with the saturated
water vapor in the sealed chamber. Such an ice surface preparation procedure is similar to
that described in the glancing angle X-ray diffraction experiment [23] except that we used an
OTS monolayer on the fused silica plate to make it hydrophobic and therefore much easier
to separate from the ice crystal.

Since air was present in the ice chamber, the vapor/ice (or vapor/water) interface that we
studied could be called an air/ice (or air/water) interface as well. Here we will not distinguish
the subtle difference. Besides the vapor/ice interface, we also studied the interfaces between
ice and fused silica plates which were either coated with OTS (hydrophobic) or uncoated
(hydrophilic). These two interfaces will be called the silica/OTS/ice interface (Sec. V A)

and the silica/ice interface (Sec. V B), respectively.

9



The SFG experimental setup has been described elsewhere [31]. In this experiment,
a 1.5 mJ visible laser pulse with a wavelength of 532 nm and a 100 pJ infrared pulse
tunable from 2900 cm™' to 3850 cm™' (with a linewidth ~ 6 cm™') were overlapped at
the sample surface with incidence angles of 45° and 57°, respectively (Fig. 2). Both input
pulses had a beam diameter of ~1 mm, a pulse duration of ~15 ps and a repetition rate of
20 Hz. The SFG output was detected in the reflected direction. Precaution was taken in the
experiment to avoid laser heating and damage. In the strong infrared absorption range of
ice (2900 cm™" to 3570 cm™'), the infrared input pulse energy was reduced to about 20 j.J
to avoid laser heating. Furthermore, the sample chamber was put on a computer-controlled
two-dimensional raster stage to prevent input pulses from repeatedly hitting the same spot.
With such precautions, the SFG output was found to be linearly proportional to the infrared
input energy, indicating negligible laser heating or damage (see Sec. VI A for more discussion

on the effect of laser heating).

IV. STUDY OF THE VAPOR(AIR)/ICE INTERFACE
A. Experimental results

Shown in Fig. 4 is a typical SFG spectrum of the vapor/ice (0001) interface at 232 K
in comparison with that of the liquid water surface at 293 K (an enlarged water spectrum
can be found in Ref. [38]). The polarization combination is ssp. The SFG output was
calibrated against a reference z-cut quartz crystal [37], and corrected by the reflection loss
at the windows on the ice chamber, yielding the spectra of |ng)|2 in MKS units. As seen
in Fig. 4, the spectrum of the ice surface is dominated by a strong but relatively broad
peak at ~3150 cm ™! that resembles the main OH stretch peak observed in the Raman
spectrum of ice Iy, [47]. This peak is associated with the bonded OH stretching modes in the
hydrogen bonding lattice. Unlike linear vibrational spectroscopy, in which the area under a

resonant peak closely corresponds to the number of contributing oscillators N, in an SFG
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spectrum with negligible nonresonant background, the intensity or area of a resonant peak
is proportional to N2 and very sensitive to the degree of polar order. This explains why the
intensity of the bonded OH peak from the vapor/ice interface appears to be more than 30
times higher than that from the vapor/water interface, which is not the case in the infrared
absorption and Raman spectra of ice and water. Besides the bonded OH peak, the SFG

I associated with the stretch

spectra in Fig. 4 also exhibit a sharp peak around 3695 cm™
vibration of the free OH (or dangling OH) bonds protruding from the surfaces [32].

Figures 5, 6 and 7 display the temperature dependence of the SFG spectra of the va-
por/ice (0001) interface with polarization combinations ssp, ppp, and sps, respectively. In
Fig. 5, the bonded OH peak decreases as the temperature increases but remains signifi-
cantly different from that of liquid water (shown in the inset of Fig 4). It also shows a
small frequency shift as the temperature increases, which is consistent with the temperature
dependence of the bonded OH stretch frequency measured by Raman spectroscopy [48]. At
this point, we do not know how the temperature dependence of the bonded OH peak in
SFG is related to the appearance and change of the quasi-liquid layer on the ice surface. A
molecular dynamics calculation is probably needed to find the answer.

The free OH peak in the SFG spectra is associated with the free OH bonds that can only
exist at the ice surface or interface. Therefore, it can be used to characterize the surface
or interface. Figure 8 displays a set of ssp and ppp spectra of the free OH peak for the

vapor/ice interface at different temperatures. It is seen that the ppp spectrum exhibits a

strong temperature variation. The solid lines Fig. 8 are fits to the spectra using

(2) (2) Agett
wy) = + - ) 4.1
Xeff ( 2) XNR,,eff Zq: wo — Wy n qu ( )

The fitting parameters A, og(ssp) and A, e(ppp) are plotted in Fig. 9(a) as functions of
temperature (including data points deduced from spectra measured at many temperatures
not shown in Fig. 8). Note that fitting the spectra with Eq. (2.2) could yield | A er| but not
the sign. The relative sign of A,cx(ssp) and A, .¢(ppp) was obtained from an interference

measurement between A, .(ssp) and Ay ex(ppp) using mixed polarizations for the visible
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input and SFG output. A,.g(ssp) and A, ex(ppp) were found to have the same sign.

In Fig. 9(a), Ayen(ssp) and Ay ex(ppp) display relatively large fluctuations. This is be-
cause the experiment lasted for many days during which the ambient conditions were not
controlled well. For example, the humidity in the room might have varied resulting in a
relatively large uncertainty in the absolute SFG peak due to the water vapor absorption
in the infrared beam path (see Fig. 10). However, these conditions affect A,.g(ssp) and
A, or(ppp) in a similar way and, therefore, have less effect on the ratio of the two. It can be
seen in Fig. 9(a) that the fluctuations of A, .x(ssp) and Ay ex(ppp) are correlated, with the
consequence of smaller fluctuations in their ratio.

As we shall see in the next section, from the values of A, .q(ssp) and A, .x(ppp) and
their ratio in Fig. 9(a) we can deduce an approximate orientational distribution for the free
OH bonds. The ratio A, es(ppp)/Aqe(ssp) remains constant at temperatures below 200 K
and decreases continuously as the temperature increases. This indicates that the vapor/ice

interface undergoes a continuous structural change which starts around 200 K.

B. Analysis of the free OH bonds

To proceed with a more quantitative analysis, we must first verify our theoretical spec-
ulations regarding the symmetry of the (0001) surface of ice Ij,. If the surface indeed has a
6-fold symmetry, from our theory in Sec. II C, we do not expect to observe any SFG signal
with polarization combinations sss, pps, spp and psp. The SFG spectra of the vapor/ice
interface with these forbidden polarization combinations are presented in Fig. 11, in com-
parison with the allowed polarization combinations ssp, ppp and sps. As predicted, no SFG
signal with the forbidden polarization combinations was observed.

We must also determine whether the slow-motion limit [Eq. (2.5)] or the rapid-motion
limit [Eq. (2.6)] better describes the dynamic nature of the vapor/ice interface. In our
recent work [38], we have shown that the strong evidence of motional averaging effect on

the free OH stretch mode is in the unexpectedly weak SFG signal with the sps polarization
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combination. Figure 7 shows the sps SFG spectra of the vapor/ice interface, in which
the resonant signal of the free OH stretch is hardly detectable at all temperatures. This
resembles the case of the vapor/water interface [38] and indicates that the rapid-motion
limit is a better approximation for describing the orientational fluctuations of the free OH

bonds at the vapor/ice interface. From Eq. (2.6) with the rapid-motion approximation, we

find

Aq,mz = Aq7yyz

= %NS {QCCC <1 — {cos? 9)) + agee (1 + {cos® 9))} (cos ) ,
Ay er = Ng {(1<<<<COSQ ) + agec (1 — (cos? 9))} (cosb) ,
Aq,mzm = Aq7yzy = 0.

(4.2)

Here Ng is the surface density of the free OH bonds; the angle brackets represent the ensemble
average over the polar orientational distribution, f(#), of the free OH bonds with the tilt
angle 0 (0 < 6§ < 7/2) away from the surface normal (the azimuthal distribution is isotropic);
and a¢ee and agee = agy, are the two independent nonvanishing hyperpolarizability elements
of a free OH bond (values listed in Eq. (2.13)).

If we simply assume a truncated flat distribution for f(6),

f(0) = constant for 0 < 0 < Oy,

f(&) =0 for 0 > HM , (43)
which yields

(cosl) = (14 cosby)/2 ,

<0052 9) = (1 -+ cos HM + COS2 91\/[)/3 s (44)

then we can calculate A, ... and A, ... for each value of 6y using Eq. (4.2), from which we

can further calculate A, o (ssp) and Ay en(ppp) through Eq. (2.15). The values of the Fresnel
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factors used in this calculation are listed in Table I. The results of A, cx(ssp) and A, g (ppp)
from the calculation are presented in Fig. 9(a) as functions of #y;. Note that we had some
unknown (therefore adjustable) parameters in this calculation. One is the dielectric constant
€; of the surface monolayer, as shown in Table I, and another is the factor {jj(ws){)(w1){j(w2),
which has been neglected in Eq. (2.6). The physical implications of €] and [|j(w;) are discussed
in Appendix A. In our calculation we assumed that €, = €| (neglecting dispersion in the
visible) and adjusted the value of €] such that the calculated ratio Ay en(ppp)/Aqer(ssp)
for 0yy = 0 matches the experimentally deduced value ~0.95 at low temperatures (Fig. 9).
At such low temperatures (< 200 K), the free OH bonds at the vapor/ice (0001) interface
presumably have a é-function-like orientational distribution perpendicular to the surface.
From this we found €, = €| = 1.31, which agrees very well with the estimate obtained from
the model presented in the appendix of Ref. [49] [Eq. (A7) gives €, = ¢, = 1.29 for ice].
The other parameters €, and [|(ws))(w1)l|(w2) cannot be determined experimentally, but
fortunately, they do not sppear in the ratio A, es(ppp)/Aqes(ssp) although they still affact
the absolute value of A, .. For our estimation of the latter, we used the model in Ref. [49]
and obtained €, =~ 1.18 and Ijj(ws){jj(w1){j(w2) = 1.32.

With these estimated values of parameters, we could calculate the absolute value of

A, err(ssp) for 6y = 0. From Eqgs. (2.6) and (2.15) with the microscopic local-field correction

included, we have

Aq’eff(SSp) = Nsl||<ws)l||<w1)l||(w2>
X sin B Lyy(ws) Ly (w1) Lz (wo) ageec -

(4.5)

The surface density of free OH bonds on the ice (0001) surface is one quarter of the surface
density of HoO molecules because only the top half bilayer has broken hydrogen bonds and
only half of the broken hydrogen bonds are dangling OH bonds (Fig. 1(a)). The surface

2

density of HyO molecules in the top bilayer of the ice (0001) surface is 1.14 x 10'® ecm™,

and one quarter of this value gives Ng = 2.8 x 10!* cm~? (or 2.8/nm?). Equation (4.5) then
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yields
Ay e(ssp) = 1.29 x 1072 m?V~lgec™?. (4.6)

The measured A, .g(ssp) at low temperatures is about 1.2 x 107 m?*V~'sec™" (Fig. 9). The
agreement between theory and experiment here is remarkable considering the uncertainties
in the input parameters we used in the calculation.

From Eqgs. (2.15) and (4.2), the ratio of A, e (ppp)/Aqer(ssp) can also be calculated. The
result as a function of @y is given in Fig. 9(b). Comparing of the ratios A, o (ppp)/Aqerr(ssp)
obtained from the theory for different 0y (Fig. 9(b)) and from the experiment for different
temperatures (Fig. 9(a)) yields 0y as a function of temperature, as shown in Fig. 12(a).
Also shown in Fig. 12(a) is 6y of the free OH bonds at the vapor/water interface obtained
in a similar way from the SFG spectra of the vapor/water interface (Fig. 13).

We can convert 8y into a more meaningful orientational order parameter S defined as

3(cos®0) —1  cosby + cos” Oy

5= 5 5

(4.7)

to describe the ordering of the free OH bonds. If 6y — 0, then S — 1 corresponding to
perfect orientational order. The other extreme is 6y = 7/2 leading to S = 0 for total
disorder. One advantage of using .S instead of 8, is that S does not depend on the assumed
distribution function f(#). This can be seen from Eq. (4.2), which shows that the ratio
Ay 222/ Agyy- depends only on (cos? f) inrespective of the functional form of f(6). The values
of S are displayed in Fig. 12(b). S is close to 1 below 200 K and drops appreciably as the

temperature increases above 200 K.

C. Implications for surface melting of ice

An apparent onset of surface melting can be defined as the point at which surface disorder
becomes detectable. Our experiment indicates that the onset of surface melting of ice

is around ~200 K, below which the surface monolayer is still solid but above which it
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becomes increasingly disordered. Our onset temperature is lower than those obtained by
other techniques. This is presumably because our SFG technique is more surface specific and
sensitive to the disorder of the surface monolayer. For example, the recent measurement
of x-ray scattering at glancing angles found that for the (0001) ice surface, the onset of
surface melting was at 259.5 K 4+ 2.5 K, below which no surface melting could be observed
[23]. However, the measurement did not have enough sensitivity to detect less than a few
monolayers of quasi-liquid at the surface. Extrapolation of the data to zero quasi-liquid
layer thickness to obtain the onset temperature for surface melting could yield too high a
value.

The usual melting transition in the bulk is a first order phase transition, in which abrupt
changes of physical properties are expected to occur. However, Fig. 12 shows that, within the
experimental uncertainty, the decrease of the order parameter S of the vapor /ice interface is
continuous. This indicates that the quasi-liquid layer has a temperature-dependent structure
and suggests that there should be a structural variation across the quasi-liquid layer on the
ice surface. This picture is consistent with the results of molecular dynamics simulations
[12,14] but different from the simple models of surface melting used in the analyses of many
experimental studies on ice. The latter assume a quasi-liquid layer with uniform structural
properties.

An interesting feature displayed in Fig. 12 is that near the bulk melting temperature
(273 K), the order parameter S of the ice surface is even lower than that of the supercooled
water surface. Although not physically impossible, this seems surprising and needs a satis-
factory theoretical explanation. In any case, it indicates that the quasi-liquid layer on ice is
different from the surface layer of water. There is a long-debated question whether surface
melting of ice is complete or incomplete (i.e., whether the thickness of the quasi-liquid layer
diverges or remains finite as the temperature approaches 273 K) [19]. Our result here favors
the incomplete surface melting scenario because otherwise one would expect the surface
structure of the quasi-liquid layer to approach that of normal water as the layer thickness

diverges.
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V. STUDY OF OTHER ICE INTERFACES

A. Hydrophobic ice interface

Presented in Fig. 14 is a set of SFG spectra for the fused-silica/OTS/ice (0001) interface
at different temperatures. Since the interface is hydrophobic, the spectra appear similar to
those for the vapor/ice interface, charaterized by a strong and broad hydrogen-bonded OH
peak and a sharp free OH peak. An additional sharp peak at ~2940 cm ™! is associated with
a CH stretch mode of the methyl groups on OTS.

Figure 15 displays the SFG spectra for the free OH stretch in both ssp and ppp polar-
ization combinations. Compared with the vapor/ice interface (Fig. 8), the free OH peak is
shifted by ~25 cm™! to lower frequency due to the hydrophobic interaction with the OTS
monolayer. Similar red shift of the free OD stretch at a hydrophobic surfactant D,O ice
interface has been observed by infrared spectroscopy [50].

A major difference between the silica/OTS/ice and vapor/ice interfaces is that the free
OH peak from the former remains very weak and hardly detectable for all temperatures with
the ppp polarization combination. Using the same analysis described earlier for the vapor /ice
interface, we came to the conclusion that the dangling OH bonds at the silica/OTS/ice
interface are highly disordered in orientation regardless of the temperature, presumably
because the hydrophobic interaction with OTS on a fused fused (amorphous) silica plate
forces the OH bonds to become orientationally disordered on a microscopic scale. When
the silica plate was separated from the ice crystal, the exposed ice surface quickly relaxed
to a more ordered structure that yielded a stronger free OH peak with the ppp polarization

combination (Fig. 8).

B. Hydrophilic ice interface

We also took the spectra of a hydrophilic ice interface by covering an ice surface with

a clean (uncoated) fused silica plate. The silica plate was cleaned with acid, rinsed with
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deionized water and blown dry with nitrogen gas. Such a silica surface is known to be
terminated by ~5/nm? SiOH (silanol) groups, which can form hydrogen bonds with water
and thus make the interface hydrophilic [51]. The OH stretch of the silanol groups on a
hydrophilic silica surface is observable in the SFG spectrum [52], but is relatively weak.

The measured spectra of the silica/ice interface are presented in Fig. 16. The free OH
peak has disappeared due to hydrogen bonding to the silanol groups on the silica surface,
similar to the case of the silica/water interface [33]. The bonded OH peak dominated by
contribution from ice, however, remains strong up to 272 K. We also increased the sample
temperature very slowly across the bulk melting temperature and obtained a thin layer of
liquid water at the interface(spectrum denoted as 273" K in Fig. 16). An interesting tran-
sition was observed. As the interface started to melt, the bonded OH peak first broadened
and decreased to a minimum, and then increased again. In the mean time another resonant
peak around 3450 cm ™!, characteristic of a liquid water surface, emerged.

A typical silica/water spectrum was reported earlier [33], in which the relatively strong
SF'G signal of the bonded OH stretch for water with low pH values was explained by polar
ordering of the water molecules in the electric double layer created by the negative electric
charge on the silica surface due to ionization of the silanol groups. Such an interpretation
was verified by the change of the SFG spectrum with the pH value of water. The negatively
charged silica surface causes the majority of water molecules in the electric double layer to
orient with their OH bonds (or dipole moments) towards the silica surface. In the case of the
silica/ice interface, an electric double layer does not exist, and the strong bonded OH signal
can only be explained by a net orientation of OH bonds pointing towards bulk ice, opposite
to that in the electric double layer. Upon melting, the orientation of some water molecules at
the interface flips, thus reducing the SFG signal. This explains the minimum intensity of the
SFG signal in the melting transition. To confirm this interpretation, we performed a relative
SFG phase measurement as illustrated in Fig. 17, based on the fact that the nonlinear
susceptibility changes its sign when the average orientation of the molecules is inverted.

This method was used previously to study molecular orientation of water molecules in the
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electric double layer at the silica/water interface as the pH value changes [53]. It relies on
the interference pattern generated by interfering the SFG outputs from the sample and from
a reference with the relative phase of the infrared inputs into the two varied by a modulator
in the beam path. As the sample changed from silica/ice (253 K) into silica/water (273" K),
the interference pattern exhibited a ~180 ° phase shift (Fig. 18), which confirmed that the
hydrogen-bonded OH bonds at the silica/ice and silica/water interfaces are indeed oriented
in opposite directions.

Interestingly, the strong bonded OH peak at the silica/ice interface can be greatly en-
hanced by doping the ice crystal with a small amount of ammonia, as shown in Fig. 19. The
ammonia-doped ice crystal was grown from an ammonia-water solution with a pH value of
11.0 at room temperature. The crystal growth rate was ~2 um/sec, twice as fast as the
usual growth rate for growing pure ice crystals. Fast growth helps ammonia to incorporate
into the ice crystal. A test sample was melted after growth to measure the actual doping
concentration. The pH value of the melted test sample was 10.15, corresponding to a NHj
doping concentration of ~1 mM.

The enhancement of the bonded OH peak due to NHj can be explained as follows.
While the surface NH3 concentration could be significantly higher than that of the bulk, it
was not high enough for the NH stretch peak to show up in the SFG spectrum (the NH

!in the SFG spectrum from the

symmetric stretch peak was reported to be at 3312 cm™
surface of ammonia-water solution [54]). However it could still have a dramatic effect on the
net orientation of the HoO molecules near the silica/ice interface. As illustrated in Fig. 20,
some NH3 molecules may form strong hydrogen bonding with the silanol groups on the silica
surface with the nitrogen atoms facing silica, resulting in an excessive number of protons
(NH bonds) pointing into ice. Starting from these surface-anchored NHj3 molecules, the
neighoring HoO molecules in the ice lattice tend to adopt the polar orientations (with a net
dipole moment pointing toward the bulk ice) to satisfy the Bernal-Fowler ice rules [55] until

Bjerrum defects (broken hydrogen bonds with two protons facing each other) set in [56,57].

Consequently, net polar ordering of the HoO molecules is expected near the interface, which
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enhances the SFG signal. A similar picture was used to explain the extraordinarily strong

bonded-OH peaks in the SFG spectrum from ice films grown on the Pt(111) surface [35].

VI. DISCUSSION

A. Laser heating

One of the major concerns in our experiment was to ensure that the results shown in
Fig. 12 are not perurbed by laser heating. Fortunately, ice does not absorb as strongly in the
free OH stretch range as it does in the bonded OH range. The infrared penetration depth

! in comparison to less than 1 um at the peak absorption

in ice is ~ 40pm at 3700 cm™
frequency 3250 cm . We tested the heating effect experimentally. Fig. 21 shows a set of
SFG spectra of the vapor /ice interface with different infrared input energies. Attenuation of
the infrared pulse was achieved by inserting silicon windows (2 mm thick, polished on both
sides) in the infrared beam path and readjusting the time delay for beam overlapping. The
effect of laser heating was found to be negligible in the free OH range, but in significant in
the bonded OH range. By attenuating the infrared input to below 20% of its full power, laser
heating became negligible even for ice at 172 K. This was confirmed by the linear dependence
of the SFG output on the input infrared energy. Therefore, we used in ourexpriments 20%

of the full infrared power to obtain SFG spectra of ice in the bonded OH range (2900 cm*

to 3570 cm™1).

B. Surface roughening

Roughening transition [58] that often results in the disappearance of facets and rounding
up of the equilibrium crystal shape could also occur on a solid surface. Surface roughening is
similar to surface melting in the sense that it causes disordering of a surface. To determine
whether surface disordering observed by SFG is due to surface melting or surface roughening,

we refer to other experiments. Elbaum studied surface roughening of ice with interference
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microscopy [59] and found that the roughening transition does not happen on the (0001)
basal surface of ice at all temperatures up to the triple point, in contrast to the (1010) prism
surface, on which a roughening transition was observed around -2°C. In our experiment, we
used the (0001) surface and observed surface disordering at much lower temperatures than
the temperature range reported in Ref. [59]. Surface roughening as the explanation can thus
be ruled out.

We, however, observed another kind of roughening of the ice surface in our experiment,
which is on a much larger length scale. We found that the smoothness of the vapor/ice
interface appeared to deteriorate during the experiment, especially when the temperature
was above 253 K, due to extended exposure to the high intensity laser pulses. Although
the effect of laser heating on the SFG spectra was confirmed to be negligible, mild laser
heating was still present and could disturb the delicate dynamic equilibrium at the vapor /ice
interface, resulting in a slow deterioration of the surface smoothness on a macroscopic scale.
However, this kind of roughening reduced the free OH peak intensities in ssp and ppp
proportionally and therefore did not affect the ratio A, o (ppp)/Aqer(ssp), which is a measure
of the surface order. This indicates that the SFG signal was still dominated by large (0001)
terraces at the vapor/ice interface. The reduction of the SFG signal due to such roughening
was also approximately proportional to the reduction of specular reflection of the 532 nm
visible input pulse. A photodiode was used in our experiment to monitor the smoothness
of the vapor/ice interface by measuring the reflected visible pulse. The SFG signal could
then be corrected by normalizing against the measured visible reflectivity when necessary,
and the experiment terminated if the reflected visible reflectivity dropped below 2/3 of that

from a perfectly smooth ice surface.

C. Effect of impurities

It has been suggested that impurities may affect surface melting of ice [11,19]. In our

study of the vapor/ice interface, however, the impurity effect due to contamination of the ice
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sample is unlikely to be significant. We note that in a recent experiment to demonstrate the
effect of impurities, an ice sample containing a very high concentration (10 mM) of KCI was
used [25]. Our ice crystals were grown and prepared under clean conditions, and therefore,
concerns about ionic impurities with a high concentration seem to be irrelevant. It would be
interesting to study the impurity effect by doping the ice crystals. With ammonia doping
(Sec. VB), a concentration of ~1 mM of NHj can be incorporated into the ice crystal. A
much higher doping concentration (600 ppm or 30 mM) of KOH in ice has been reported
(beyond which the ice crystal turns slightly milky) [60].

Some airborne impurities are more likely to be a source of contamination than ionic im-
purities since air was present in our experiment. One typical contaminant in atmosphere is
the hydrocarbons. In our experience, this kind of impurity at the vapor/water or vapor/ice
interface is likely to suppress the dangling OH bonds. In the current experiment, hydrocar-
bon contamination is unlikely because of the clear presence of the free OH bonds. Another
air borne impurity is carbon dioxide (COs). We have tried to study the effect by intention-
ally dosing the ice chamber with CO45 gas. Unfortunately, COy has an infrared absorption
band right at the free OH stretch frequency and prevented us from getting reliable SFG
spectra from the COg/ice interface. This problem could be solved by reducing the infrared
beam path in the ice chamber. Investigating the impurity effect on surface melting of ice is

an ongoing project.

VII. CONCLUSION

In summary, we have applied surface-specific SFG vibrational spectroscopy on ice (Iy,)
interfaces with vapor, a hydrophilic silica substrate, and a hydrophobic OTS-surfactant-
coated silica substrate. The results allow us to study surface melting of ice by probing
the structure of monolayers at the (0001) surface of ice. Orientational disordering of water
molecules at the vapor/ice interface as a signature of surface melting appears to set in

around 200 K. The degree of disordering increases with temperature and indicates that the
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quasi-liquid layer on the ice surface is structurally different from a normal water surface
layer. The SFG spectra in the free OH stretch mode have very different behaviors for the
three different interfaces because of different interactions of the water molecules with the
subsrates at the interfaces, but they have relatively similar temperature dependence in the

bonded OH stretch range.
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APPENDIX A: TOTAL LOCAL-FIELD FACTORS AT THE SURFACE

The L;; factors in Eq. (2.1) are the transmission Fresnel coefficients relating the field
components in an input or reflected output beam in medium 1 to the corresponding ones in
the interfacial layer between media 1 and 2 [31,61]. For an interface between two continuous

media 1 and 2 with dielectric constants €; and €3, we have

o 2¢1 (wi)kaz(w;)
LXX( z) eg(wi)klz(wi) +51(u}i)/€22(w¢) )
B 2k17(w;)
Lyy(w;) = k1 z(wi) + kag(wi)
Lyglo) = — 2alakiz() 1 (A1)

e2(wi)k1z(wi) + e1(wi)kaz(wi) € (wi)
where €' (w;) is an effective dielectric constant of the interfacial layer at w;. From the theo-
retical point of view, the dielectric constant is not well defined for a monolayer because it is
supposed to be a macroscopic or mesoscopic property. However, € can be interpreted as a
result of the microscopic local-field correction in the interfacial layer [49,62].

The microscopic local field components experienced by the interfacial layer are
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B¢ = Ixx Ly Ex
BV = lyy Ly By |

Ef* =lzzLy,Ez (A2)

where [; denotes the microscopic local-field correction factor, L}, is the Fresnel or macro-
scopic local-field factor (defined by Eq. (A1) but without the factor & in Lzz), and E; is
the electric field component of the incoming and outgoing optical plane waves in medium 1.
If Ixx = lyy =1 and lzz = [, the total local-field factors including both macroscopic and

microscopic effects are

2€1k2Z
o= bodboe = ek
2k
Fyy = lyyLyy = luﬁ ,
1Z 27
2 k
FZZ:lZZLZZ — ZL& . (A3)

exk1z + e1kay

We notice that Fj; differs from L;; in Eq. (A1) only by a common factor Iy if we define
€ = b . (A4)
Ly
It has been shown that the value of ¢’ defined this way is usually between 1 and the bulk
dielectric constant e [49]. The physical meaning of ¢ now becomes clear; it is simply the
ratio of [ to [1. By introducing the factor % in Eq. (A1), we have partially included
the microscopic local-field correction. To have it fully included, the surface density Ng
in Egs. (2.3), (2.5), (2.6) and (4.2) should all be replaced with Ngljj(ws)lj(w:)lj(w2). The
additional factor [ (ws)l(w1)l)(w2) can be neglected if only the ratios of Ay ;. are used in
the deduction of the orientational distribution function f(£2).
A simple slab model was presented in the appendix of Ref. [49] to obtain an estimate of
¢ and [. For the free surface of a medium with a bulk dielectric constant €, this slab model

gives

2e+1
| = Ab
1 3¢ ; ( )
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TABLES

TABLE I. Calculated Fresnel factors for the vapor/ice interface. z is along the sample surface
normal, with the zz plane being the light incidence plane. § is the incidence angle of the input or

output beam. € is the effective dielectric constant of the surface monolayer.

Ws w1 w2
A 444 nm 532 nm 2.7 pm
n 1.31 1.31 1.18
3 46.8° 45° 57°
Las 96 95 1.04
Ly, 77 78 79
L.. 1.04/¢, 1.05/¢€, 96/¢,
exLazz (p) -.66 67 57
eyLyy (s) 77 78 79
e:L.. (p) 76/¢, T4/€, 80/¢€5
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FIG. 1. (a) Side view of an ideal (0001) basal surface of ice Ij,. Note that the free (or dangling)
OH bonds are perpendicular to the surface due to the tetrahedral hydrogen bonding geometry.
Also note that the adjacent layers A and B do not repeat each other by a simple spatial translation
but are rotated by 180° with respect to each other in the surface plane. (b) Molecular dynamics

simulation of the (0001) basal surface of ice I, at 265 K (from Ref. [13]).
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FIG. 2. Geometry of the input/output beams in the SFG experiment with x, y, z describing
the lab-frame coordinates. The right inset shows molecular reference frame of a single OH bond,
with ¢ along the bond direction and &, n perpendicular to . The tilt angle § is defined as the

angle between ¢ and the z-axis.
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FIG. 3. Schematic drawing of the ice chamber. (a)Single-crystal ice sample frozen to a fused
silica plate at the bottom. (b)OTS-coated fused silica plate that can be mechanically separated
from the ice crystal. (c)Stainless steel levers that are used to lift the OTS-coated silica plate.
(d)Stainless steel clamps that secure the bottom silica plate. (e)Glass color filter to absorb the
transmitted visible input pulse. (f)Copper chamber cooled with cold nitrogen gas (cooling stage
not shown). (g)O-ring. (h)Chamber cover made of Plexiglas. (j)Fused silica windows. (k)Omega

Pt100 platinum resistance thermometer.
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FIG. 4. SFG spectra of the vapor/ice (0001) interface at 232 K (squares) and the vapor/water

interface at 293 K (circles). The polarization combination is ssp.

34



SsSp Vapor/ice 2x 10 m4V'ZI

o Bonded OH

Free OH

2

(2)
I x eff I

I— T T T e ! T !
3000 3200 3400 3600 3800
Wave number (cm™)

FIG. 5. SFG spectra of the vapor/ice (0001) interface at various temperatures. The polarization

combination is ssp.
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